In this study, the activities of antioxidant enzymes, photosynthetic pigments, proline and carbohydrate contents in Pitcairnia encholirioides under ex vitro conditions of water deficit were evaluated. Results show that plants under progressive water stress, previously in vitro cultured in media supplemented with 30 g L -1 sucrose and GA 3 , accumulated more proline and increased peroxidase (POD) activity and the contents of photosynthetic pigments and carbohydrates. For plants previously in vitro cultured with 15 g L -1 sucrose and NAA, no differences were found for proline content and there were reductions in activities of peroxidase (POD), catalase (CAT) and poliphenoloxidase (PPO), and in contents of carbohydrates, with progress of ex vitro water deficit. After rehydration, plants showed physiological recovery, with enzymatic activities and contents of metabolites similar to those found in the controls not submitted to dehydration, regardless of the previous in vitro culture conditions. These results show that micropropagated P. encholirioides has high tolerance to dehydration once in ex vitro conditions, which can ensure the survival of plants from tissue culture when transferred to its natural environment, emphasizing the importance of such biotechnology for the propagation of endangered species.
Responses of antioxidant enzymes, photosynthetic pigments and carbohydrates in micropropagated

Introduction
The Bromeliaceae family is composed of 69 genera and 3629 species (Gouda and Butcher, 2016) . Its species occur in a wide range of habitats, resulting in a large diversity of plants shapes and life forms (Vanhoutte et al., 2016) . Within the last few decades, due to their beautiful shapes, bracts and flowers with vivid and contrasting colors, bromeliads have become widely used as ornamental plants (Negrelle et al., 2012; Souza et al., 2016) .
The Atlantic Forest is one of the major centers of diversity for Bromeliaceae, holding ca. 900 species (Alves et al., 2015) . Such bromeliads have restricted distributions, reduced populations and high specificity of habitats, factors that, together with the accelerated loss of native vegetation and exacerbated extractivism, are responsible for the decrease of natural populations and have pushed numerous species close to extinction (Pereira et al., 2008; Forzza et al., 2013) .
Pitcairnia encholirioides L.B. Sm. is a very rare species, collected in 1934 and described by Smith in 1950 from a single specimen constituted by inflorescence only (Martinelli and Forzza, 2006) . This species is endemic to Brazil, occurring exclusively in Santa Maria Madalena, in the State of Rio de Janeiro. Only two subpopulations are known, the largest being composed of around 900 individuals and subjected to fire and trampling by animals (Forzza et al., 2013) . This species was included in the critically endangered category by the Biodiversitas Foundation (2005) and, more recently, as an endangered species in the Red Book of Brazilian Flora (Forzza et al., 2013) .
Tissue culture is a very important alternative for germplasm conservation of bromeliads to ensure high multiplication rates, allowing the commercial production and providing plants for reintroduction, which is especially important for species at risk of extinction (Dal Vesco et al., 2011; Resende et al., 2016a) . However, during in vitro cultivation, the seedlings grow under different conditions than those of the field, such as high air humidity, low light intensity, carbon source as the glucose or sucrose addition and CO 2 concentration in the culture vessel often insufficient to the photosynthetic process (Pospíšilová et al., 2007) . Different strategies can be used to produce in vitro plants able to support the acclimatization stage, the final and critical step that represents a limiting factor for the success of the micropropagation system (Chandra et al., 2010; Hong et al., 2016) . The presence of a sealing system that allows gas exchanges with the external environment, increasing the concentration of CO 2 and reducing the air relative humidity in the culture vessel, the exposure to a higher light intensity and the decrease of the sugar content in the culture medium are factors that can promote the photoautotrophic or mixotrophic growth of plants, leading them to maximize the ex vitro survival rates (Xiao et al., 2011; Sáez et al., 2016) .
Under field conditions, plants can suffer water deficit, with the reduction of relative water content and leaf water potential, progressive closing of the stomata and reduction of the transpiration rate and CO 2 assimilation. These changes may promote increase in generation of reactive oxygen species (ROS), leading to lipid peroxidation and other metabolic disorders (Reddy et al., 2004; Noctor et al., 2014; Ebrahimi et al., 2016) .
Among the antioxidant enzymes acting as one of the main mechanisms of tolerance against oxidative stress in plants are the superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) (Liu et al., 2015) . Other physiological and biochemical processes are activated in response to water stress and drought, including the production and/or accumulation of compatible solutes (Hoekstra et al., 2001; Foster et al., 2015) . Proline is one of the most important osmoprotectants, possessing fundamental importance for the adjustment and tolerance of plants to abiotic stresses (Molinari et al., 2007; Sharma et al., 2011) . Carbohydrates are another group of molecules stored in response to water stress, contributing to osmotic adjustment and plants tolerance to desiccation (Mohammadkhani and Heidari, 2008; Dinakar et al., 2012; Velázquez-Márquez et al., 2015) . The accumulation of compatible solutes, like sugars and amino acids, increases the cellular osmotic pressure, regulates the osmotic balance between the vacuole and the cytosol, maintains the turgor pressure and water content of cells, and protects against water loss from plants because of their high lipophilicity (Salehi-Lisar and Bakhshayeshan-Agdam, 2016) .
Chlorophylls are essential components of the photosynthetic apparatus, can be used as a plant hardening indicator after acclimatization (Gour et al., 2007) , and its content can be negatively affected in situations of water stress. In these conditions, in which oxidative stress can occur, carotenoids also cooperate in the non-enzymatic antioxidant defense system as ROS scavenger (Pospíšilová et al., 2009; Liu et al., 2011) .
Several works in the literature address the biochemical changes that occur in plants in response to water stress. The majority of those works utilizes species of economic importance in order to identify the mechanisms by which they react to drought and select more tolerant plants (Carvalho, 2008; Furlan et al., 2016) . However, few papers address endangered species. To our knowledge, there are no reports of works with bromeliads at threat of extinction previously in vitro cultured. The objective of this study was to investigate the activities of antioxidant enzymes, proline, carbohydrates and photosynthetic pigments accumulation in leaves of micropropagated P. encholirioides subjected to water stress and after rehydration, in order to increase the survival of this species in ex vitro conditions. This work complements the data obtained by our research group with P. encholirioides in vitro and under acclimatization (Resende et al., 2016b) , the only work in literature, to our knowledge, that addresses physiological traits of this species.
Material and Methods
Plant material and in vitro culture conditions
Cultures of Pitcairnia encholirioides L.B. Sm. were previously established in vitro from seeds collected in the natural environment in Santa Maria Madalena, Rio de Janeiro State, Brazil. Conditions of in vitro and acclimatization phases performed here were described by Resende et al. (2016b) . The seedlings grew in test tubes (2.5 x 15 cm) filled with MS basal medium (Murashige and Skoog, 1962) sucrose were subjected to a progressive dehydration. Irrigation suppression for each group started at 30, 42, and 54 days before biochemical analyses, in addition to a control group irrigated every day during the same period. After this water stress period, all the plants were rehydrated and kept for 90 days in greenhouse with the same acclimatization conditions.
Biochemical analyses
After the drought period and 90 days after rehydration, nine plants of each treatment were used in biochemical analyses.
In order to determine the contents of proline, 0.3 g of fresh leaf was powdered in liquid N 2 , followed by addition of 10 mL of sulfosalicylic acid at 3% (w/v) and by purification through Whatman Nº 2 filter. The proline content was determined according to Bates et al. (1973) , using absorbance reading in a spectrophotometer at 520 nm.
For photosynthetic pigments analysis, 0.1 g of fresh leaf was powdered in liquid N 2 . Then, 25 mL of 80% acetone (v/v) were added, followed by filtration. The contents of photosynthetic pigments were estimated using absorbance readings at 663, 647 and 470 nm for the calculations, according to Equations 1-4 described by Lichtenthaler (1987) 
The extracts for determination of total protein content and antioxidant enzyme activities were obtained by powdering 0.3 g of fresh leaf in liquid N 2 , followed by addition of 10 mL of potassium phosphate buffer [0.1 M, pH 6.8, EDTA 0.1 mM and PMSF 1 mM], filtration through four layers of cheesecloth and centrifugation at 10,000 g for 15 min at 4 °C. The protein contents were evaluated according to Lowry et al. (1951) , modified. The reagents used were: A, consisting of 0.5% (w/v) CuSO 4 .5H 2 O in 1% (w/v) sodium citrate and B, 2% (w/v) Na 2 CO 3 in NaOH 0.1 N. Reagent C was prepared by mixing the 50:1 (v/v) ratio of reagents B and A, respectively. Reagent D was composed of the folin-Ciocauteau phenol reagent, diluted 50% (v/v) in distilled water. After preparation of the reagents, 100 µL of crude enzyme extract plus 2.5 mL of reagent C were used. After stirring, the mixture stood at room temperature for 10 min. Then, 0.25 mL of reagent D was added, the mixture was vortexed and stood at room temperature for 30 min. The absorbance was read in a spectrophotometer at 735 nm, with the protein content being determined by a calibration curve, using 1 mg mL -1 BSA (bovine serum albumin) as standard.
SOD activity was measured according to Del Longo et al. (1993) . The reaction mixture consisted of 13 mM methionine, 75 μM p-nitro blue tetrazolium (NBT), 100 nM EDTA and 2 μM riboflavin, in 50 mM sodium phosphate buffer, pH 7.8. 100 mL of the crude enzyme extract were used. The enzyme catalysis was carried out in a chamber illuminated by a 15 W fluorescent lamp for 3 min. Photoreduction of nitroblue tetrazolium (NBT) to blue formazan was assessed by the increase of absorbance at 560 nm. One unit (U) of SOD activity was defined as the quantity of enzyme necessary to inhibit the NBT reduction by 50%.
POD and polyphenoloxidase (PPO) activities were measured according to Kar and Mishra (1976) . 100 μL of the crude enzyme extract were added to 4.9 mL of a reaction mixture containing: 25 mM potassium phosphate buffer, pH 6.8, 20 mM pyrogallol and 20 mM H 2 O 2 (excluded from the PPO incubation medium, in which distilled water was used). After incubation of the solution for one min at 25 °C, the reaction was stopped by the addition of 0.5 mL of 5% (v/v) H 2 SO 4 . The absorbance of the solution was read at 420 nm against the control, in which the enzyme was previously inactivated by the addition of 0.5 ml of 5% (v/v) H 2 SO 4 . The enzyme activity was calculated using a molar extinction coefficient of 2.47 mM -1 cm -1 . CAT activity was measured according to Havir and McHale (1987) by the monitoring of absorbance decrease at 240 nm, assuming a molar extinction coefficient of
, in a reaction medium consisting of 12.5 mM H 2 O 2 in 50 mM potassium phosphate buffer, pH 7.0, at 30 °C.
Sucrose content was determined according to Van Handel (1968) . 0.1 g of fresh leaf was powdered in liquid N 2 , homogenized in 1.5 mL of the MCA mixture (methanol, chloroform and water; 12:5:3 v/v/v) and centrifuged at 3,500 g for 30 min at 4 °C. The sucrose content was estimated at 620 nm from a sucrose standard curve. The content of total soluble sugars (TSS) was determined according to Dubois et al. (1956) . 0.1 g of fresh leaf was powdered in liquid N 2 , placed in 15 mL test tubes, homogenized with 5 mL of distilled water and transferred to a water bath for 30 min at 100 °C. Then, the tubes were centrifuged at 1,900 g for 10 min and the extracts were added of 0.5 mL phenol 5% (m/v) and 2.5 mL sulfuric acid. The absorbance was read at 490 nm and the TSS content was estimated using a glucose standard curve. The starch content was also determined according to Dubois et al. (1956) . Samples of 0.1 g fresh leaf were maintained in 5 mL of 80% (v/v) ethanol for 30 min at 80 °C and then extracted with 5.0 mL of perchloric acid (HClO 4 ) 30% (v/v) for 30 min at 25 °C, followed by centrifugation at 3,500 g. Starch content was determined at 490 nm using a glucose standard curve. The reducing sugars (RS) content was calculated by the difference between TSS and sucrose contents.
All the analyses were carried out in a completely randomized design (CRD) with two treatments (plants previously in vitro cultured with 15 g L -1 sucrose plus NAA and plants previously in vitro cultured with 30 g L -1 sucrose plus GA 3 ). The data were processed and analyzed using ANOVA one-way and the means of different periods of dehydration for both treatments were compared by the Scott-Knott test at 5% probability using the SAEG software (System for Statistical Analysis, version 9.1, UFV, Brazil).
Results
In the acclimatization phase, the plantlets showed an appropriate morphological development and reduced death rate (less than 2%) regardless of their in vitro source ( Figure 1A -B). Plantlets from both treatments showed similar morphological development both during dehydration ( Figure 1C -J) and after rehydration, with the recovery of turgor regardless of the in vitro origin ( Figure 1K-L) . However, a quantitative analysis detected differences in plant responses coming from the two evaluated conditions.
In materials submitted to dehydration, a significant increase in proline accumulation was found only in plants previously maintained in culture media containing 30 g L -1 sucrose and GA 3 (Table 1) . After 90 days of rehydration, the proline content in plants previously subjected to dehydration was similar to the control, regardless of the source of the material (Table 2) . There was a reduction of proline content in leaves that had accumulated high amounts of this amino acid in response to water stress.
Regardless of the water deprivation period, plants from culture media supplemented with 30 g L -1 sucrose and GA 3 presented a significant reduction in SOD activity when compared to the control (Table 1) , reaching 36.8% at the end of the stress. Regarding CAT activity, significant effects were observed only in plants previously in vitro cultured with 15 g L -1 sucrose and NAA after 30 days of dehydration, with 36.7% of reduction compared to the control, with the activity remaining statistically unchanged until the last day of stress imposition. The POD activity showed a typical behavior when both plant sources were compared. An increase of 258% in the enzymatic activity until 42 d of dehydration was observed in plants from culture media supplemented with 30 g L -1 sucrose and GA 3 when compared to control and no change was found following this period. However, in plants from the other treatment, there was a reduction of 25.3% in the POD activity after the 30th day of water stress, remaining at that level until the last analysis. The PPO activity decreased in response to the increasing period of dehydration, although this reduction was more prominent in plants previously in vitro cultured in the presence of 15 g L -1 sucrose and NAA. After rehydration of P. encholirioides plants, there were no differences in enzymatic activity between the materials submitted to dehydration and the control ( Table 2) , regardless of the period of dehydration and the origin of the plants.
Regarding chlorophyll a (Chl a), chlorophyll b (Chl b) , total chlorophyll (Chl a + b) and total carotenoids (Carot), we found, on average, approximately 150% of increases in the content of these pigments in response to extension of the dehydration period in plants cultured in vitro in the presence of the higher concentrations of sucrose and GA 3 sucrose. Mean ± standard error, n = 9. In each condition of in vitro development, means identified by the same letters do not differ significantly by the Scott-Knott test at 5% probability. In each condition of in vitro development, means identified by the same letters do not differ significantly by the Scott-Knott test at 5% probability. In each condition of in vitro development, means identified by the same letters do not differ significantly by the Scott-Knott test at 5% probability.
Treatment
Treatment Total proteins
( Table 3 ). The results found for the other treatment varied in response to the duration of water stress. After rehydration, the Chl a content showed significant changes only in plants from a culture medium supplemented with NAA and 15 g L -1 sucrose and subjected to 54 days of water stress, with values 23% higher than the control (Table 4) . Leaves from plants previously grown in the presence of 30 g L -1 sucrose and GA 3 , under drought, showed levels of Chl b 46.6% higher than the control, on average. For the other treatment, results showed a substantial variation. The Chl a + b and Carot contents only showed significant differences in plants from culture media supplemented with 15 g L -1 sucrose and NAA and subjected to 54 days of drought stress, with values 24.8% and 28.8% higher than respective controls.
The Chl a/b and Chl a + b/Carot ratios showed a slight reduction in response to extension of the dehydration period, regardless of treatment ( Table 3) . After 42 and 54 days of stress, plants previously maintained in the presence of 30 g L -1 sucrose and GA 3 showed an average reduction of 11.1% for both the ratios. For plants from media supplemented with 15 g L -1 sucrose and NAA, the average reduction was 12.6%, from control until the 54th day of water stress. After rehydration, in general, the values found in treatments under water deficit were significantly different from those found in the control group, except for the Chl a + b/Carot ratio in plants from culture media previously supplemented with the lowest concentration of sucrose and NAA (Table 4) . For the other treatment, the results showed diverse trends.
Concerning the carbohydrates, the TSS and RS contents had average increases of 46.5 and 50%, respectively, from 0 to 54 days of dehydration, regardless of the previous in vitro treatment ( Table 5 ). There was also an increase in the sucrose content after 54 days of water stress in plants from the highest concentration of sucrose and GA 3 . In plants from media with the lower concentration of sucrose and NAA, all the results differed significantly from the control. For starch level, differences were only found in response to the extension of dehydration in plants previously in vitro cultured in presence of NAA and 15 g L -1 sucrose, reaching 112.4% compared to the control after 42 and especially after 54 days of water stress. After rehydration, the TSS, sucrose, RS and starch in plants subjected to water stress returned to the levels found in the controls (Table 6) . In each condition of in vitro development, means identified by the same letters do not differ significantly by the Scott-Knott test at 5% probability. In each condition of in vitro development, means identified by the same letters do not differ significantly by the Scott-Knott test at 5% probability.
Discussion
Proline has specific protective effects in the adaptation of plants to water deficit (Kishor et al., 1995; Yang et al., 2015) . Besides acting as an osmotic adjustment mediator, proline acts as a stabilizer of subcellular structures, as redox buffer and contributes to the stabilization of ROS scavenger enzymes, being an important constituent of cell wall proteins (Szabados and Savouré, 2010; Thapa et al., 2011; Bhaskara et al., 2015) . There was a significant increase in proline accumulation in plants under dehydration developed in vitro in media containing 30 g L -1 sucrose and GA 3 , similar to that found with Pitcairnia albiflos Herb. (CF Resende unpublished data). In studies with Oryza sativa L. and Alternanthera philoxeroides (Mart.) Griseb. under water stress, proline accumulation was observed for 30 days in plants without irrigation (Gao et al., 2008) , responses also found for woody species (Liu et al., 2011) and for Chenopodium quinoa Willd. (Bascuñán-Godoy et al., 2016) under water deficit. This accumulation occurs by the up-regulation of proline biosynthetic enzymes and down-regulation of degrading enzymes and have significant role in drought tolerance (Parida et al., 2008) .
The results found after 90 days of rehydration were similar to that found with wheat (Simova-Stoilova et al., 2008) , Medicago truncatula Gaertn. (Filippou et al., 2011) and Ephedra alata subsp. alenda (Stapf) Trab. (Gorai et al., 2015) subjected to different periods of water stress followed by rehydration, with a reduction in proline content in leaves that had accumulated high amounts of this amino acid. Proline catabolism is an important regulator of cellular ROS balance and can influence in numerous additional regulatory pathways (Szabados and Savouré, 2010) .
In the literature, some studies mention increases in the activities of antioxidant enzymes in response to water stress, as noted for Pancratium maritimum L. (Abogadallah, 2011) and Camellia sinensis (L.) Kuntze (Liu et al., 2015) . However, the enzymatic activities may fluctuate in response to the extension of water stress, increasing under moderate conditions and reducing under severe conditions (Liu et al., 2011; Habibi and Hajiboland, 2012; Ebrahimi et al., 2016) , demonstrating that water stress effects on plants depend on the intensity, duration and rate of the imposed drought (Simova-Stoilova et al., 2008; Pinheiro and Chaves, 2011) .
Regarding the enzymatic activities, the results demonstrated higher sensitivity of the material from in vitro culture in media supplemented with NAA and lower osmotic pressure (15 g L -1 sucrose), with reduction in CAT, POD and PPO activities. This behavior, associated with the maintenance of proline contents and SOD activity suggests a more severe condition of water deficit in plants from this treatment. In comparison, proline contents and POD activity improved in plants previously in vitro cultured in media with 30 g L -1 sucrose and GA 3 , which can be related to drought tolerance of these plants. Studies show that exogenous glucose application enhances tolerance of plants to dehydration and heat stress by increasing the content of proline and activities of antioxidants and repressing ROS accumulation (Huang et al., 2013 Cao et al., 2015) , corroborating this hypothesis. There were no differences in enzymatic activity between the materials submitted to dehydration and the control after rehydration, suggesting a high adaptability of this species to water stress conditions and recovery after the end of stress period.
Another important factor is the photosynthetic metabolism performed by P. encholirioides, since several bromeliads are CAM plants and stress factors, like drought, are activators of CAM pathway and simultaneously responsible for increasing in antioxidant enzymes activity (Habibi and Hajiboland, 2012) . The Pitcairnia genus is described as consisting of C 3 species (Benzing 2000; Pierce et al., 2002) , which may be corroborated by negative net night-time CO 2 assimilation of P. encholirioides both under water deficit conditions and in well-watered plants (CF Resende unpublished data). However, further studies are needed to highlight this issue.
Despite the reduction in the content of photosynthetic pigments being a characteristic symptom of oxidative stress (Smirnoff, 1993) , specific responses are found in the literature for plants under drought. In some legumes (Ashraf and Iram, 2005) and Acrocomia aculeata (Jacq.) Lodd. ex Mart. (Mota and Cano, 2016) , water deprivation did not change significantly the content of photosynthetic pigments. However, reductions in chlorophyll and carotenoids contents were also observed in response to water stress in different species (Parida et al., 2007; Shah et al., 2011; Chen et al., 2016) . In water stressed plants of the bromeliad Guzmania monostachia var. monostachia, there was an increase in chlorophylls and carotenoid contents in the leaf top, in comparison with the well-watered control, and the relative water content did not change (Freschi et al., 2010) . Although there were some differences in relation to the material, in general, we found an increase in photosynthetic pigments in plants of P. encholirioides under drought, when compared to the control. These results may reflect a higher production of photosynthetic pigments by P. encholirioides plants under water deficit, contributing to the maintenance of photosynthetic capacity, and not only a higher concentration of these pigments as a consequence of a decrease in relative water content.
Concerning the carbohydrates, we observed in general an increase in contents of TSS, RS, sucrose and starch with the extension of dehydration, regardless of treatment. The only exception was starch content, which did not change in plants from treatment with the highest concentration of sucrose and GA 3 . Even though the solute accumulation, including carbohydrates, is related to the osmotic adjustment and maintenance of cell water turgor under dry periods (Seki et al., 2007) , contrasting results are found in the literature. Xu et al. (2015) , working with two rice genotypes under drought conditions, observed increases in TSS levels in stressed plants when compared to the control, in one of the genotypes, and no differences were found for the other one. However, Silva et al. (2009) observed a significant reduction in TSS in four Spondias tuberosa Arruda genotypes under water deficit. Garg et al. (2001) reported a gradual increase in TSS and in RS for up to 9 days of water stress in Vigna aconitifolia (Jacq.) Maréchal, with a significant reduction in starch content. This behavior was also found for cotton submitted to water deficit (Parida et al., 2007) . In olive cultivars with differential tolerance to water stress, there was accumulation of sugars related to both osmoregulation and osmoprotection of cellular components (Ennajeh et al., 2009 ). According to Chaves-Filho and Stacciarini-Seraphin (2001) , this response may be related to the action of amylase in carbohydrate metabolism, increasing the availability of soluble sugars. However, in this study, starch content increased or remained unchanged in response to prolonged water stress, which probably result in a higher adaptive capacity of the P. encholirioides plants to water stress, possibly due to the maintenance of photosynthetic capacity of plants even under conditions of water deficit, reducing the use of this reserve for metabolism. Drought can also result in alterations in the starch/sucrose ratio, since sucrose synthesis and starch breakdown can be affected by water stress (Reddy et al., 2004) .
After rehydration, the TSS, sucrose, RS and starch in plants subjected to water stress returned to the levels found in the controls, suggesting a high tolerance of P. encholirioides plants to dehydration, regardless of the source of in vitro plants. Similar results were found by Parida et al. (2007) , who also observed recovery of TSS, RS and starch levels after rehydration of cotton plants subjected to water stress. In plants of Beta vulgaris L. and B. macrocarpa Guss., there were reductions, after rehydration, in levels of glucose and fructose accumulated during drought period, with the opposite behavior being observed for sucrose contents (Slama et al., 2016) .
The results of this study lead us to conclude that P. encholirioides is a bromeliad species that presents a high tolerance capacity to a prolonged period of dehydration. This fact can ensure high survival rates of micropropagated plants when they are transferred to field conditions, validating this important biotechnology for the propagation of endangered species. This is the first study that addresses the responses of an endemic and endangered bromeliad under drought stress, contributing to future researches that aim to understand the ecophysiology of these plants.
